Abstract. This paper presents a compact multiband bandstop filter (BSF) that utilizes I-stubs embedded within a meandered defected microstrip structure (MDMS
Introduction
Multiband bandstop filters (BSFs) are of great importance as modern communication systems are designed for multiband operations, such as GSM (0.9/1.8 GHz), WLAN (2.4/3.6/5.2 GHz), and WiMax (2.3/2.5/3.5 GHz) to name a few. Unlike bandpass filters (BPFs), the resonators of BSFs resonate at the stopband so that the transmission loss and group delay at the passband can be substantially improved [1] , [2] . The unwanted signals existing at the different frequency levels can be suppressed by employing a compact and low cost multiband BSF. As a result, researchers are designing effective dual-, tri-and quad-band BSFs to suppress the multiple spurious frequency bands with a single BSF.
A number of techniques have been studied to achieve multiband BSFs over the years. A lowpass to bandstop frequency variable transformation [1] , a coupling technique [3] , stepped-impedance-resonator (SIR) [4] , [5] , defected ground structure (DGS) [6] [7] [8] [9] and defected microstrip structure (DMS) [9] [10] [11] [12] [13] , are some widely used techniques that are commonly employed for designing multiband BSFs. Size is the primary concern in using passive elements during lowpass to bandstop transformation, the existence of spurious resonance is prominent in filters employing SIR, whereas filters using DGS have a major constraint in terms of radiation from the ground plane. In DMS, a uniform or non-uniform transmission line is etched away to make the resonator, but, unlike in DGS, the ground plane is kept intact. DMS possesses similar characteristics to DGS in terms of rejecting electromagnetic waves in some frequencies [12] . Additionally, DMS also features easier integration with planar microwave circuits and maintains less crosstalk compared to DGS [13] .
In this paper, we have developed a new design concept of multiband BSF using a meandered DMS (MDMS) structure with compact size. In contrast to the literature presented in [12] , [13] , that uses two-section SIR, a trisection SIR (TSSIR) is embedded within the MDMS to provide an extra degree of freedom in the design of the filter circuit and to maintain the compactness. An extensive analysis of the proposed design is carried out for a single band bandstop filter (SBBSF) structure by using a transmission line network model with relevant mathematical and theoretical concepts. Dual-and tri-band bandstop filters are subsequently designed, fabricated and measured to validate the proposed design concept of generating the required number of stopbands by simply adding the same number of I-stubs. The individual tuning of the resonance frequencies by varying the width of the I-stubs is demonstrated to strengthen the implementation of the proposed filter for practical microwave applications operating between 1 GHz to 10 GHz frequency bands.
Analysis of a Single-Band BSF
The configuration of the proposed model for the generation of a single stopband is shown in Fig. 1(a) . The design consists of a MDMS enclosing an I-stub connected by a high-impedance microstrip line on both sides, which can be represented by a simplified TSSIR model as shown in Fig. 1(b) . The entire structure shown in Fig. 1(a) can be modelled in terms of a two-port network structure consisting of three subnetworks, as illustrated in Fig. 2 . Subnetworks N 1 and N 3 are related to the meandered microstrip line structure with a total length, L 1 = L 1a + L 1b + L 1c and impedance, Z 1 , whereas, the subnetwork N 2 is related to the central open-ended TSSIR structure with a total length,
The lossless transmission line network model [14] can be applied in terms of ABCD parameters to find the current and voltage relationship of the subnetworks as follows
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is the impedance of the respective sections and
Furthermore, for an I-stub-loaded structure, the total electrical length, θ 2 , is given by
where β 2a , β 2b , and β 2c are propagation constants of the TSSIR with physical lengths of L 2a , L 2b , and L 2c , respectively.
The equivalent input impedance, Z 2 , of the TSSIR with the series impedance line shown in Fig. 1 (b) can be obtained from [15] as follows   2a  2a  2a  2c  2b  2b  2a  2c  2  2a  2a  2c  2b  2b  2a  2c [
where R 2 = Z 2b /Z 2a is the impedance ratio of the low-impedance section to the high-impedance section of the TSSIR.
Also from Fig. 2 ,
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By solving the above equations from (1) through (10), the input-output voltage-current relationship can be expressed in terms of the ABCD parameters as
such that 
The ABCD parameters in (12) can be transferred in terms of the transmission coefficient, S 21 , as
where Z 0 = 50 Ω is the port impedance.
The transmission zero occurs at the frequency where |S 21 | = 0; for which the necessary and sufficient condition is From (14),
It is worth mentioning that the theoretical analysis from (4) through (15) is derived for the simplified TSSIR model presented in Fig. 1(b) . Therefore, several factors have to be accounted before applying the above analysis to the proposed SBBSF structure. First, an I-stub with symmetric open ends on both sides eventually increases the overall electrical field or the capacitance over there. Second, the discontinuity in the resonator structure plays sig-nificant role in the resonance. Third, the current distribution in the I-stub is not uniform as the current is mainly concentrated on the high impedance section, Z 2a , with an electrical length of θ 2a . Hence, we only considered the effective physical length of the I-stub, L 2b,eff , to approximate the resonance condition defined by (13) . It is found that the effective physical and electrical length of the I-stub i.e. L 2b,eff and θ 2b,eff could be closely approximated by taking two third of their total length i.e. L 2b, and θ 2b , respectively.
Referring to (14) for obtaining transmission zero, we have designed a BSF resonator structure presented in Fig. 1(a) Fig. 3 shows the simulation results of the proposed SBBSF. The simulation is carried out on a full wave simulation software, SONNET. The resonance frequency, thus obtained is 6.5 GHz without any spurious resonance existing up to 25 GHz, i.e. nearly four times the fundamental resonance frequency.
The fundamental resonance frequency, f 0 , can be defined as [16] where c = 3 × 10 8 m/s and ε re2 is the average effective relative permittivity of the transmission line along with the length of the TSSIR. The resonance frequency, thus obtained from (16) having L 2 = L 2a + L 2b,eff + L 2c = 8.46 mm and ε re2 = 1.99 is 6.28 GHz, which is close to the EM simulated value of 6.5 GHz. Hence, it can be concluded that the resonance property of the proposed design depends upon the TSSIR.
Similarly, the characteristics of the resonance frequency, f 0 , and loaded quality factor, Q L , are evaluated by varying the width of the I-stub as illustrated in Fig. 4 . The loaded quality factor, Q L , can be closely approximated by the relation
where B -3dB is the -3dB bandwidth of the stopband.
The graph in Fig. 4 reveals that there is a one-to-one correspondence between f 0 and Q L . The increment in the width of the I-stub, W 3 , from 0.1 mm to 1.0 mm and keeping the gap, G 1 , constant at 0.4 mm for all the sweeps of the structure results in the decrement of f 0 ranging from 9 GHz to 5.1 GHz, whereas Q L is decreased from 3.46 to 2.04. Thus, to maintain high Q L of the proposed SBBSF, the width of the I-stub should be minimized under which f 0 will be increased.
Design and Measurement of the Multiband BSF
Based on the above analysis for SBBSF, dual-and triband BSFs were designed, fabricated and measured. Both the dual-and tri-band BSFs were fabricated on a Teflon substrate with a dielectric constant of ε r = 2.52, a thickness of h = 0.504 mm and a loss tangent of 0.002. Agilent 85052D VNA is used to measure the response of the fabricated design.
Illustration of the Dual-Band BSF
The fabricated design of the dual-band BSF (DBBSF) is shown in Fig. 5(a) along with the respective dimensions. The corresponding simulated and measured results are presented in Fig. 5(b) . As compared to the SBBSF model presented in Fig. 1 , DBBSF has an additional I-stub to generate the second stopband, thereby maintaining the compact size of only 18 mm  5.2 mm, corresponding to 0.40λ g × 0.11λ g, where λ g is calculated at 4.65 GHz, a mean value of first and second resonance frequencies. The resonance frequencies are measured at 2.52 GHz and 6.78 GHz with respective rejection levels of 30.54 dB and 29.20 dB. Similarly, the -3dB fractional bandwidth (FBW) of the first and second stopband are measured to be 37.70% and 26.10%, respectively.
The simulated current density profile of the proposed DBBSF at the two resonance frequencies of 2.5 GHz and 6.6 GHz are demonstrated in Fig. 6 (a) and (b), respectively. The current distribution of both of the resonance frequencies seems to be concentrated on the high impedance stubs i.e. L 2a , L 2c and G 2 . Therefore, the I-stubs are responsible for the generation of the stopbands. The high current density value observed in Fig. 6 (a) infers that any change in the second I-stub could have more effect on the first resonance frequency. Additionally, it can be attributed from Fig. 6(b) that the change in the width of the first Istub has significant shift at the second resonance frequency because the current density in the first I-stub is higher at the second resonance frequency.
The characteristics of the resonance frequencies were studied under three different conditions as shown in Fig. 7 . The graph reveals that increasing in the width of the second I-stub, W 3 , from 0.2 mm to 1.0 mm and keeping the width of the first I-stub constant at 0.8 mm resulted in the first resonance frequency decreasing notably from 3.35 GHz to 2.25 GHz, whereas there was a significantly less impact on the second resonance frequency, as it was only decreased from 6.95 to 6.6 GHz (expressed by case I). Conversely, the change in the width of the first I-stub, W 3 , from 0.2 mm to 1.0 mm by fixing the width of the second I-stub at 0.8 mm had a significant effect on the second resonance frequency, which decreased from 9.15 GHz to 6 GHz, but the first resonance frequency only decreased from 2.6 GHz to 2.45 GHz (expressed by case II). The results from case I and II signify that the increase in the width of the I-stub leads to the increase in the effective permittivity which approaches close to the dielectric constant of the substrate material and consequently reduces the resonance frequency. These outcomes also support the arguments drawn from the current distribution profile of the DBBSF shown in Fig. 6 . Additionally, the change in the gap between the two I-stubs, G 2 , shows a very minimal effect on both of the resonance frequencies, as the first and second resonance frequencies were decreased from 2.65 GHz to 2.4 GHz and 6.85 GHz to 6.5 GHz, respectively (expressed by case III). Therefore, it is possible to independently tune the resonance frequencies of the proposed BSF by varying the widths of the I-stubs.
Illustration of the Tri-Band BSF
The tri-band BSF (TBBSF) was designed on the basis of the aforementioned design process, and its fabricated image is shown in Fig. 8(a) along with the respective dimensions. The TBBSF utilizes three I-stubs to generate three stopbands with a constant gap of G 2 between two consecutive I-stubs. The simulated and measured results of the fabricated TBBSF are presented in Fig. 8(b) . The overall size of the TBBSF is 20 mm × 5.2 mm, corresponding to 0.49λ g × 0.13λ g , where λ g is calculated at 5.12 GHz, a mean value of the first, second and third resonance frequencies. The TBBSF generates resonance frequencies at 1.98 GHz, 5.6 GHz and 7.78 GHz, resulting their respective rejection levels of 28.71 dB, 25.17 dB and 25.02 dB. The fractional bandwidth measured at a -3dB insertion loss is found to be 41.92%, 14.28% and 14.01%, respectively, for the first, second and third stopbands. Tuning of the TBBSF can be achieved by varying the widths of the Istubs following a process similar to that explained in the case of the DBBSF.
Conclusion
A promising approach for the design of microstrip multiband BSFs with a very simple structure and compact size is demonstrated. By adding the I-stubs, the required number of stopbands can be generated with minimal increase in the size of the filter. The reported works also show that the individual tuning of the stopbands is possible by varying the widths of the I-stubs. With a simple design process, resulting good agreement between simulated and measured results, individually adjusted stopbands, and having the capability of integrating with the other devices, the proposed filter shows great potential for multiband microwave applications, such as WLAN and WiMax technologies.
